Grain development, germination and plant development under abiotic stresses are areas of biology that are of considerable interest to the cereal community. Within the Investigating Gene Function programme we have produced the resources required to investigate alterations in the transcriptome of hexaploid wheat during these developmental processes.
Introduction
Wheat, with a global production approximating to 600 million tonnes per annum, together with rice and maize, dominates world agriculture (Aquino et al ., 1999) . Although the highest wheat yields have been achieved in Europe, limitations in its intrinsic processing quality, with strong yearto-year environmental effects, have necessitated the continued development of new cultivars more able to perform consistently under the prevailing conditions. There is, therefore, a real necessity to provide additional tools whereby the development of improved wheats can be achieved, in particular to increase the plant breeder's success in selecting for versatile, superior varieties suitable for factory-scale premium bread making.
Given this, it is clear that a priority goal for academics and breeders is to better understand the interactions that occur between the wheat genome and environmental factors and to determine how these can be manipulated by agricultural practices, marker-directed breeding and genetic manipulation to produce a more consistent high-quality crop without loss of yield.
The advent of new molecular genetic technologies and the dramatic increase in plant gene sequence data have provided opportunities to underpin wheat breeding programmes in order to improve yield, grain quality and disease resistance (Langridge et al ., 2001; Appels et al ., 2003) . Many of these technologies have been designed to facilitate the detection and understanding of the alterations in gene expression that accompany differential development or that result from the perception of changes to the environment. Within these contexts the goal has been to facilitate improvement either by providing genetic markers for breeding programmes or by enabling the application of genetic engineering technologies.
To achieve a useful level of understanding about the function of a particular gene it is essential not only to study its temporal and spatial expression, but also those of other genes that may be similarly coregulated and have effects on the phenotype.
Thus, the ability to observe global and diagnostic changes in the mRNA population of an organism under examination has become paramount. Within the field of plant functional genomics the use of microarrays to profile the transcriptome (Ruan et al ., 1998; Lockhart and Winzeler, 2000) has become a popular approach (Holtorf et al ., 2002; Wilson et al ., 2003) .
As the number of sequenced genes from different species continues to increase the use of microarrays to investigate aspects of plant biology has also expanded. Of the many recent studies, plant microarray-based investigations have profiled the transcriptome changes of Arabidopsis thaliana in different organs (Ruan et al ., 1998) , during seed development and germination (Girke et al ., 2000; Ogawa et al ., 2003) , in response to changes in nitrate availability (Wang et al ., 2000 and to pathogen attack (Narusaka et al ., 2003) .
Studies of other plant species have profiled the transcriptomes of ripening strawberries (Aharoni et al ., 2000) , salt-stressed rice (Kawasaki et al ., 2001) , developing maize embryos (Lee et al ., 2002) , maize during cold acclimation (Kollipara et al ., 2002) and following drought stress (Yu and Setter, 2003) and barley subjected to iron deficiency (Negishi et al ., 2002) . Genechip, there is as yet no similar publicly available information for wheat. The transcriptome resources described here were initiated to improve publicly available academic resources for the wheat functional genomics community.
Results

Isolation of plant material, RNA extractions and library synthesis
Microscopic examination of individual Mercia wheat ears showed that, under the controlled environment growth conditions described (see 'Full experimental procedures' in supplementary data), anthesis (first shedding of pollen) occurred 3-5 min before the visible emergence of anthers from the ears.
Tissues were sampled at defined times post-anthesis from the developing grains of the two lower florets of the first spikelets containing flowers visibly undergoing anther emergence.
The tissues isolated from developing grains and other stages of wheat vegetative and reproductive development are listed in Table 1 . Tissues from each time point were fixed and stained for microscopy as described and were used to produce a micrographic record of the developmental stages used to generate the transcriptomics resources described below. A pictorial, web-based, micrograph database describing these tissues and their developmental biology can be viewed at http: // www.wheatbp.net / and a selection of micrographs illustrating aspects of grain development is shown in Figure 1 .
Total RNA and, subsequently, polyadenylated (polyA+) mRNA were successfully extracted from all the tissues listed in Table 1 . Although, in each case, the quality of the total RNA extracted appeared to be equivalent, as determined by the appearance of discrete rRNA bands after agarose gel electrophoresis (data not shown), the yields on a per fresh weight basis varied considerably depending on the tissue in question. In general, the yields of RNA from the different tissues of early developing grain were considerably higher than those from the tissues of grain undergoing later development (see Table 1 ). In particular, there was a marked decline in the extractable RNA content of the grain endosperm 21 days post-anthesis (dpa) to the extent that, at 30 and 40 dpa, it proved impossible to obtain useful quantities from the tissue.
There was also a general decline in the extractable RNA content of the developing embryo with time. Similarly, the extractable RNA content of the surrounding maternal tissue also declined after 14 dpa as the tissue senesced.
Libraries resulting from a single ligation of an aliquot of cDNA were produced representing each of the tissues listed (see Table 1 ). Depending on the library in question, the percentage of non-recombinants ranged from 3% to 13%, whilst the average library insert size ranged between 0.9 and 1.5 kilobase pairs (see Table 1 ). cfu, colony-forming units; dpa, days post-anthesis; dpg, days post-germination; dpf, days post-fertilization; fwt, fresh weight; kbp, kilobase pair; -, no data available.
*Libraries supplied by Dr S. Spruck, University of Hamburg, Germany. †Sequences supplied by Dr N. Klueva, Texas Technical University, USA. ‡Subtracted library.
Figure 1
Whole grain and micrograph images of developing wheat grains. Dorsal views of the whole grain at: 1, 1 day post-anthesis (dpa); 2, 3 dpa; 3, 6 dpa; 4, 8 dpa; 5, 10 dpa; 6, 14 dpa; 7, 21 dpa; 8, 28 dpa; 9, 40 dpa. Longitudinal micrograph sections of the whole grain at: 10, 2 dpa; 11, 4 dpa; 12, 6 dpa; 13, 11 dpa. Micrographs showing development of the embryo at: 14, 2 dpa; 15, 5 dpa; 16, 7 dpa; 17, 11 dpa; 18, 15 dpa; 19, 21 dpa; 20, 28 dpa. Cross-section micrographs of the whole grain showing endosperm development at: 21, 2 dpa; 22, 5 dpa; 23, 7 dpa; 24, 15 dpa; 25, 21 dpa. ac, antipodal cells; c, coleoptile; cv, central vacuole; em, embryo; end, endosperm; ep, epiblast; es, embryo sac; esw, embryo sac wall; mp, maternal pericarp; nu, nucellus; pe, pericarp; rc, root cap; rp, root pole; sa, shoot apex; sc, scutellum; sp, shoot pole; vg, ventral groove.
with any significant similarities to protein sequences held within the NCBI non-redundant data set. However, of these 9273 sequences 2612 (10%) had significant (expect ≤ 1e In order to ascertain the quality of the printed microarrays, a number of dye swap hybridization experiments were performed using fluorescent-labelled probes derived from RNA isolated from embryos at 40 dpa and at 1 day postgermination. Raw data of spot fluorescence intensities were collected from scanned slides and analysed using GenePix 4.
Scatter plot analysis of the resulting hybridization signals generated by individual slides (see Figure 3 ) indicated that 93.9% of spots produced hybridizing signals above background over a wide range of detection sensitivity. Hybridization of reverse dye-labelled probes to duplicate slides was visually judged to be successful in that reverse labelling of spots was obvious (see Figure 4) . There was consistently a small degree of intensitydependent bias towards the fluorescence signal generated by the hybridization of probes containing Alexa Fluor dye 555 conjugation to aminoallyl-labelled cDNAs. Approximately 97.6%
of the spots on the array were considered to be good features (more than 55% of their feature pixels brighter than the median background intensity at both scanning wavelengths).
Approximately 98.0% of the replicate hybridizing spot pairs were judged to be good features (the standard deviation of the ratio of the median fluorescences between the spots at either or both 532 and 635 nm was less than 0.3).
Discussion
Library construction and development of an EST resource
We have produced a publicly available, quality-controlled, provided good-quality sequence data. Inevitably, our strict approach has reduced the overall sequencing efficiency of the programme to around 60% and may have inadvertently excluded sequences encoding proteins with molecular weights below approximately 3.5 kDa. However, the sequence length of at least 100 base pairs and the PHRED-determined sequencing accuracy of 99% indicate that these issues were not important. The number of sequences for which no function could be assigned was 25% of the total. This is a very conservative estimate and the use of a lower E -value cut-off Figure 3 GenePix 4-generated scatter plots showing the data resulting from reverse dye-labelled cDNA microarray hybridization experiments using the wheat unigene arrays. (a) Total RNA from embryos at 40 days post-anthesis (dpa) was used to generate Alexa Fluor 555-conjugated aminoallyl-labelled cDNAs, mixed with a similar amount of Alexa Fluor 647-conjugated aminoallyl-labelled cDNA generated from the total RNA of embryos at 1 day post-germination (dpg) and cohybridized to a wheat unigene microarray. (b) The reverse experiment was performed in which total RNA from embryos at 40 dpa was used to generate Alexa Fluor 647-conjugated aminoallyl-labelled cDNAs, mixed with a similar amount of Alexa Fluor 555-conjugated aminoallyl-labelled cDNAs generated from the total RNA of embryos at 1 dpg and cohybridized to a wheat unigene microarray.
so as to include a greater number of sequences of potentially doubtful functional similarity could have been used to provide a more realistic figure of around 40%. For a number of sequences (10%) there was no functional similarity using B LAST X; however, B LAST N did reveal potential similarities. In the main, this simply reflected the presence of short 3 ′ -untransformed region (3 ′ -UTR) sequences within the data set, but also pertained to the presence of a very few sequences with multiple frame shifts that interrupt correct translation and a small (0.67%) contamination with rRNA gene sequences.
Approximately 5.5% of the sequences resulting from this programme had been defined as unique in that no similarity to any pre-existing sequences could be found using either B LAST X or B LAST N to search against either the non-redundant or EST data sets held at the NCBI. The current cereal unigene sets (acc. no. AL821594), which encodes a dehydrin, was expressed at significantly ( P = 0.01, Z score = 5.91) higher levels in seedlings in response to cold treatment, and that the mRNA encoding the storage protein γ -gliadin was expressed during the later rather than the early stages of endosperm development.
Such precision is impossible where the annotation accompanying sequences within public databases is less precise.
For example, EST sequences identical to that encoding the above-mentioned dehydrin are, amongst other entries, publicly described as originating from cDNA libraries made from tissues isolated from an unrecorded developmental stage of the lemma and palea, from anthers at an undefined stage of development, from a mixture of both cold-treated and saltstressed roots and from the adult plant at some stage prior to anthesis. The situation is similar for a very large number of the wheat sequences within the public databases. Sections of GenePix 4-generated images of wheat unigene microarrays used in reverse dye-labelled cDNA hybridization experiments. The same section of two individual hybridized arrays is shown in both (a) and (b). In each case, the section shown is from block (B) 40 of the unigene array and is from column (C) 7 to C20 in the horizontal direction and from row (R) 3 to R5 in the vertical direction. (a) Total RNA from embryos at 40 days post-anthesis (dpa) was used to generate Alexa Fluor 555-conjugated aminoallyl-labelled cDNAs, mixed with a similar amount of Alexa Fluor 647-conjugated aminoallyl-labelled cDNA generated from the total RNA of embryos at 1 day post-germination (dpg) and cohybridized to a wheat unigene microarray. (b) The reverse experiment was performed in which total RNA from embryos at 40 dpa was used to generate Alexa Fluor 647-conjugated aminoallyl-labelled cDNAs, mixed with a similar amount of Alexa Fluor 555-conjugated aminoallyl-labelled cDNAs generated from the total RNA of embryos at 1 dpg and cohybridized to a wheat unigene microarray. (Tao et al., 2003; Whitham et al., 2003) , altered brassinosteroid levels (Mussig et al., 2002) and during the cell cycle (Menges et al., 2002) . However, until now there have been limited opportunities to perform similar experiments with wheat.
Development of a wheat EST microarray resource
In particular, work to identify the factors that determine the nutritional and bread making quality of the grain has been limited by an inability to study more than a few genes simultaneously. The contribution made by the gluten proteins, the gliadins and glutenins, in terms of their roles in determining end use quality, has been reviewed extensively (Shewry et al., 2003a (Shewry et al., , 2003b ) and the expression of many of the genes encoding these proteins has been determined (Clarke et al., 2002 (Clarke et al., , 2003 . Similarly, starch synthesis in the cereal endosperm and the impact of starch structure on quality have attracted much attention (Shewry and Morell, 2001; Burrell, 2003; James et al., 2003) . Mapped QTLs (Quantitative Trait Loci) associated with many other important aspects of cereal performance and development are also well documented and available for online querying using the GrainGenes database (http://wheat.pw.usda.gov/ index.shtml) (Matthews et al., 2003) . Some of these have been reviewed recently (Appels et al., 2003) . However, although some 551 000 ESTs for wheat are currently publicly available, there are few known associations of these with either QTLs or aspects of wheat growth and development. We believe that, by generating the wheat microarray resource described here, it should be possible for researchers to identify further associations.
Hence, we and a number of other groups are currently using these microarrays in numerous projects covering areas such as the transition from dormancy to germination, nitrogen use efficiency, genotype-environment interaction and the influence that transgenes have on the expression profile of the developing grain.
We hope to report on all of these projects in the near future.
Experimental procedures
Below is a concise account of the procedures used in this study. Full details of all the experiments performed can be found in the supplementary data.
Plant material
Except where stated, all experiments were performed using European hexaploid winter wheat (var. Mercia). All plant growth experiments were replicated twice and samplings at each time point were performed in duplicate. Developed inflorescences were date tagged at the first sign of anther emergence and the first spikelets containing flowers undergoing anthesis in individual ears were also noted. Experimental tissues were then sampled at defined post-anthesis time points from the developing grain of the two lower florets of these spikelets and were identified and microdissected under magnification using a Leica MZ6 binocular microscope (Leica Microsystems UK Ltd, Milton Keynes, Buckinghamshire, UK).
For carpel tissue at 1 and 2 dpa, whole seeds were carefully 'rolled out' of the floret intact, contaminating pollen was brushed away using a fine paintbrush and the grains were immediately frozen in liquid N 2 . At 6, 8, 10 and 14 dpa, the embryos from the developing grains were isolated as enriched tissue fractions. Thin slices containing the developing embryos were excised from the grains and immediately frozen in liquid N 2 . At 21, 28, 30 and 40 dpa, the much more obvious embryos were simply detached whole from the grains using a scalpel and were similarly frozen. At 6 dpa the liquid endosperm of the grain was collected by halving the grain and rapidly washing out the endosperm cavity with phosphatebuffered saline (PBS). The PBS containing the liquid endosperm material was then immediately frozen on to the surface of glass microscope slides placed on dry ice. At 8, 10 and 14 dpa, the soft endosperm tissue was simply squeezed from the grains after removal of the embryo region and was directly frozen in liquid N 2 . At 21, 28, 30 and 40 dpa, the much more starchy endosperm tissue was isolated from halved grains using a scalpel to scrape the cells directly into liquid N 2 . At each stage the residual maternal tissue was frozen in liquid N 2 following removal of the embryo and endosperm tissues.
The frozen, dissected tissues were stored at −70 °C prior to RNA extraction. Various whole seedling stress experiments were performed in controlled environment chambers using hydroponic culture techniques (Hewitt, 1966) . Whole seedling cold acclimation/stress experiments were performed in controlled environment chambers using 3-week-old seedlings grown in vermiculite soaked in culture solution.
Photographic imaging of experimental material
Whole and cut wheat grain tissues were fixed and embedded in Lambwax (Raymond A. Lamb Ltd, Eastbourne, UK) using standard histochemical techniques (Jensen, 1962) Total RNA extractions and polyA+ mRNA purification
Total RNA was extracted from each of the tissues using the method described by Chen et al. (2001) , except that the Jolla, CA, USA) column chromatography, as described by Sambrook et al. (1989) , except that the lauryl sarcosine was omitted from the solutions applied to the columns. Sequencing template preparation and highthroughput sequencing of cDNA inserts EST DNA sequencing templates were prepared for highthroughput sequencing via a colony PCR (Saiki et al., 1988) approach in 96-well format. Following the PCR amplification of template DNA, sequencing was performed using a dye terminator cycle sequencing approach. Individual sequences were read in 96-well format using a MegaBACE 1000 (Amer- Sequences were clustered using cap3 (Huang and Madan, 1999) and cluster information was parsed into the database for subsequent analysis and for use in the selection of individual clones for inclusion in a unigene set. Web-based data mining tools for electronic Northerns and digital differential displays were written in PERL-CGI using the PERL-MySQL database interface: these tools are available on request.
The EST sequences can be downloaded from http://www. cerealsdb.uk.net or from the EMBL /GENBANK /DDJB public databases (accession numbers AL808219 to AL831324 and AJ601557 to AJ604482).
For microarray experiments the raw data of spot fluorescence intensities were collected from scanned slides into (GB:AA418251), pHUM4 (GB:AA464627), pHUM5 (GB:H28469) and pHUM8 (GB:AA485668). Also, a full-length, 2403 base pair, polyA+ cDNA encoding human tumour necrosis factor receptor associating factor 1 (TRAF1) (GB:BC024145) was obtained from the MRC geneservice (Babraham, Cambridge, UK) as an EcoRI /Xho1-cloned fragment in the vector pOTB7.
Initially, using standard approaches, the EcoRI /Xho1 TRAF1-encoding fragment was subcloned into similarly digested pBSII SK+ to yield the clone pTRAF1. After Not1 digestion of plasmid DNAs, mRNA transcripts were subsequently produced in vitro from pHUM2 and pHUM4 using T7 RNA polymerase and from Xho1-digested pTRAF1 using T3 RNA polymerase. Transcript control mixes were prepared in SDW (sterile distilled water)
such that 3 µL contained 1 ng of pHUM2, 0.1 ng of pHUM4 and 0.05 ng of pTRAF1 polyA+ mRNA transcripts combined.
Microarray probe generation and array hybridizations
Microarray slides were hybridized in reverse dye labelling experiments using Alexa Fluor dye 555 and 647 (Molecular Probes Inc., Eugene, OR, USA) secondarily conjugated, aminoallyl-labelled cDNA probes generated from total 
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